We have evaluated ½ O neutron cross sections in the resolved resonance region with the multilevel Reich-Moore code SAMMY. Resonance parameters were determined by a consistent analysis, including both Doppler and resolution broadening effects. To properly treat the « particle exit channel, an algorithm to calculate charged particle penetrabilities and shifts was incorporated into SAMMY.
I. Introduction
Over the years the nuclear community has developed a collection of evaluated nuclear data for applications in thermal, fast reactor, and fusion systems. In contrast to these systems, typical neutron spectra in criticality safety applications appear to peak in the epithermal energy range. Because nuclear data play a major role in the calculation of criticality safety margins, a thorough examination of the behavior of present nuclear data evaluations in criticality safety calculations is needed. For oxygen, the existing ENDF/B-VI.5 evaluation is expressed in terms of point-wise cross sections derived from the analysis of G. Hale. 1) Unfortunately such an evaluation is not directly useful for resonance analysis of data from samples in which oxygen is combined with other elements; for that purpose, resonance parameters are needed. In this paper we describe a resonance parameter evaluation of ½ O neutron cross sections in the resolved resonance region with the multilevel Reich-Moore R-matrix formalism using the code SAMMY.
2) A preliminary report of this work has been given previously.
3)

II. Cross Section and Differential Elastic Data
An extensive search of standard nuclear databases and the open literature led to selection of total, reaction, and angle differential elastic cross section data sets for analysis; see Tables  1 and 2 . The ØÓØ Ð data include measurements by Johnson, et al., 4) on the 200-m flight path at the Oak Ridge Electron Linear Accelerator (ORELA); Cierjacks, et al., 5) on the 200-m flight path at the Karlsruhe cyclotron; Larson 6) (ORELA 80 m flight path); Fowler, et al., 7) who utilized a 47-m flight path and a pulsed van de Graaff accelerator to produce neutrons; and Johnson, et al., 8) who made accurate measurements in the 2.35 MeV window region. In the energy range of overlap, 0.6 -4.3 MeV, the ØÓØ Ð values for Refs 4, 6, 7 are in good agreement, but the data of Cierjacks, et al. 5) is about 3.5% lower. The Cierjacks data were normalized to the data of Johnson, et al., 4) by integrating between 3.45 and 3.72 MeV. A neutron energy transformation was applied to align the peak energies of Johnson, et Since the Bair-Haas data agree to better than 10% with the recent high-precision measurements of Drotleff, et al. 11) in the region of overlap (3.20-3 .48 MeV), we analyzed both data sets with a single normalization that was varied in the analysis.
In order to give a proper treatment for charged particles in an exit channel, an algorithm 3) to calculate charged particle penetrabilities (CPP) and shifts was incorporated in SAMMY. A slightly modified version of the routine COULFG of Barnett 22) is used to compute Coulomb wave functions and derivatives. Routines based on the CPP algorithm have been integrated into a prototype modification of the NJOY 23) code and will be incorporated in the AMPX 24) code.
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Angle differential elastic cross sections were computed with SAMMY using the set of resonance parameters obtained from analysis of the total and reaction cross section data. These predicted values were compared with angular distribution data [12] [13] [14] [15] [16] [18] [19] [20] [21] to confirm J values for several resonances. Predicted Legendre coefficients were compared with the corresponding experimental values of Lister and Sayres. 17) 
III. Resonance Analysis and Results
Resonance parameters were determined by a consistent analysis in which both Doppler and resolution broadening effects were incorporated. Results from a preliminary ½ O evaluation have been reported previously. 3, 25) Total and reaction data sets were analyzed sequentially so that each fit was connected to the previous fit by the SAMMY parameter covariance matrix, thereby yielding energies and widths for 37 resonances in the range 0 E Ò 6.3 MeV. Two negative-energy resonances were included to account for bound levels and 13 high-energy resonances were included to account for the effect of resonances above 6.3 MeV. Partial waves s ½ ¾ through g ¾ were included in the analysis. The neutron channel radius, Ò , « channel radius, « , and the Ò « normalization factor, Ò« , were varied; final values were Ò = 3.80 fm, « = 6.7 fm, and Ò« = 1.00.
Spin-parity assignments were based on fits to ØÓØ Ð and Ò « data and on comparison of predicted and experimental ª values. Where fits were inconsistent with the data, several J values were tried to improve the fits. For most resonances our J values are identical to those reported in the compilation by Tilley, et al. 26) Exceptions are resonances at 5993 and 6076 keV. Energy resolution values for the differential elastic data vary over a wide range. Theoretical ª values were energy-broadened by the appropriate amount before comparison with the data. An example of the effect of energy broadening is given in Fig. 1 for the data of Fowler and Johnson 19) for the 1834 keV d ¿ ¾ resonance (¡E = 13 keV, = 7.8 keV), the 3211 keV f ¾ resonance, and the 3442 keV f ¾ resonance. The´Ò «µ cross sections obtained by reciprocity from thé « Òµ data of Bair and Haas 10) and Drotleff, et al. 11) are compared with the SAMMY fits in Fig. 3 . A rather large « channel radius, 6.7 fm, was required in order to fit the´Ò «µ data because the 3291 keV d ¿ ¾ resonance ( Ò = 340 keV, « = 0.17 keV) introduces a significant background for E Ò 4.5 MeV. This is due to the exponential increase of the Coulomb penetrability, and hence « , with E Ò . The agreement between predicted and experimental Ò « values is quite satisfactory over the fit range, 3.1 to 6.3 MeV. At lower energies, where the cross section is orders of magnitude smaller, the prediction underestimates Ò « . Examples of angle differential elastic data 18) are compared with SAMMY predictions in Fig. 4 . Legendre coefficients given by Lister and Sayres 17) are compared with predicted values in Fig. 5 . When uncertainties are taken into account, predicted and experimental coefficients are in satisfactory agreement. It is assumed that the extraction of ª(nn) and Legendre coefficients from the experimental measurements was not affected by competition from the « channel. resonance energy E Ê , neutron width Ò , « width « , and J value are listed in Table 3 for resonances included in the present evaluation. For a particular partial wave, e.g., d ¿ ¾ , peak energies are defined as those energies corresponding to maxima (l 0) or minima (l = 0) in the unbroadened partial cross section for that partial wave. Excitation energies are computed from the separation energy and nuclear masses Ò and Ç½ according to the relation: Ü = 4143.36 keV + E Ê * Ç½ /( Ç½ + Ò ). The resonance energies E Ê correspond to the eigenenergies determined by the Reich-Moore analysis with SAMMY with boundary conditions chosen so that the level shifts are zero.
Individual Resonance Discussion
Selected individual resonances are discussed here. More detailed results are presented in Ref 3. For the 10 levels in the energy range 0 E Ò 3100 keV, the contribution to ØÓØ Ð from Ò « is completely negligible. Parameters for resonances at 434, 999, 1312, 1651, 1834, and 1905 keV were based mainly on fits to data of Refs. 4, 7. Our E Ê , Ò , and J values are consistent with Tilley, et al. 26) Predicted ª values agree with the data. 12, 13, 19) For the ½ ¾ · , 2377.9 keV resonance, Ò and E Ê are primarily determined by the high-precision data of Johnson, et al. nances are the primary components of ØÓØ Ð for 3200 E Ò 3700 keV. Each has a small « that is determined by the low-energy´Ò «µ data. The « are rather sensitive to « .
The 3800-5300 keV region is characterized by several broad overlapping resonances. In companion papers, Johnson 28) and Fowler, et al. 7) have reported R-matrix analyses of total 7) and reaction 10) cross sections leading to J assign- 19) and Cierjacks, et al. 5) However, the Cierjacks data near the resonance maxima are 5 to 15% larger than theoretical values based on widths quoted by Cierjacks. The 3438 and 3441 keV peaks are well-resolved. The discrepancies in maxima are not due to variations in the time channel width. However, small background errors at transmission minima can 29) they may have deduced widths from their thin sample data. Unfortunately, the thin sample data is not available; only a plot is given. 29) We note that ØÓØ Ð maxima read from this plot are more consistent with our predicted values than with the thick sample data. 5) On the basis of better fits to ØÓØ Ð and Ò « , we assign J = ¿ ¾ rather than ¿ ¾ · as given by Tilley, et al. 26) for the 5993 keV resonance. Our total width is 15.0 keV as compared with 12.4 ¦ 0.3 keV by Cierjacks. Our peak energy, 5998.9 ¦ 0.5 keV, is not in agreement with Cierjacks (5995.68 ¦ 0.15 keV).
Some of this difference is probably due to the large difference in phase shifts between p ¿ ¾ and d ¿ ¾ .
For the 6076 keV resonance, J = ¾ · gives a much better fit to the ØÓØ Ð and Ò « data than does ¾ as assigned by Tilley, et al. 26) From´« Òµ angular distributions, Kerr, et al. 30) assigned J = ¾ · , although they did not resolve the adjacent 6087 keV (½ ¾ ) resonance.
Thermal and Integral Quantities
Total and capture cross sections for E Ò = 0.0253 eV and T = 300K are in agreement with the ENDF/B-VI values:
Cross Section ENDF/B-VI. 
Integral Test: Thermal Reactor Benchmarks
Point-wise cross sections generated from our Reich-Moore resonance parameter representation were used for five thermal reactor benchmarks 33) consisting of three reflected and two bare spheres of highly enriched uranium as aqueous solutions of uranyl fluoride. These benchmarks are useful for testing fast scattering by H ¾ O as well as ¾¿ U fission and capture in the thermal range. Calculated multiplication factors, k , were obtained with the BONAMI-NITAWL-XSDRNPM sequence of the SCALE-4.3 system 34) using the 199-group VITAMIN-B6 cross section data library. 35 
IV. Summary and Conclusions
We have evaluated ½ O neutron cross sections in the resolved resonance region with the multilevel Reich-Moore Rmatrix formalism. To give a proper treatment for the « particle exit channel, an algorithm to calculate charged particle penetrabilities and shifts was incorporated into the SAMMY code. Routines based on the CPP algorithm have been integrated into a prototype modification of NJOY. An ENDF format revision will be proposed to accommodate this new feature. For ½ O neutron cross section data, the present ReichMoore evaluation gives an accurate, few-parameter representation that should be extremely useful for radiation transport calculations in criticality safety analyses. Since the present evaluation fits the 2.35 MeV "window" data much better than does ENDF/B-VI, it should give more reliable results for applications that are sensitive to ØÓØ Ð in this energy region.
